For an islanded micro-grid with a high penetration of photovoltaic (PV) power generators, the low inertia reserve and the maximum peak power tracking control may increase the difficulty of maintaining the system's supply-demand balance, and cause frequency instability, especially when the available generation is excessive. This will require changes in the way the PV inverter is controlled. In this paper, a virtual inertia frequency control (VIFC) strategy is proposed to let the two-stage PV inverters emulate inertia and support the system frequency with a timely response (e.g., inertia response), and the required power for inertia emulation is obtained from both the DC-link capacitor and the PV reserved energy. As the rate of the system frequency change can be reduced with the inertia increase, the proposed method can mitigate the frequency contingency event before the superior-level coordination control is enabled for the frequency restoration. The simulation results demonstrate the effectiveness of the proposed method.
Introduction
Driven by the need to improve power supply reliability, reduce CO 2 emissions so as to mitigate climate change, and provide reliable electricity to areas lacking electrical infrastructure, the world's electricity system is developed towards "decentralized, decarbonize, and democratize" [1] . Micro-grid has emerged as a flexible architecture for deploying distributed energy resources (DERs) that can meet the wide-ranging needs of different communities. A number of micro-grid definitions [2] and functional classification schemes [3] can be found in the literature. A broadly cited definition, developed by the United States Department of Energy, is "a group of inter-connected loads and distributed energy resources within clearly defined electrical boundaries that acts as a single controllable entity with respect to the grid. A micro-grid can connect and disconnect from the grid to enable it to operate in both grid-connected or island mode [4] ." Based on this definition, DER installations could be considered as micro-grids if comprised of the following three distinct characteristics: they must have electrical boundaries that are clearly defined; there must exist a master controller to control and operate the DERs and loads as a single controllable entity; and the installed generation capacity must exceed the peak critical load, as it could be disconnected from the utility grid (i.e., the islanded mode) and seamlessly supply local critical loads. These characteristics further present micro-grids as small-scale power systems with the ability of self-supply and islanding, which could generate, distribute, and regulate the flow of electricity to local customers or remote areas [1] , as shown in Figure 1 . As the micro-grid has proven to be an effective way to make widespread DER deployment more manageable, for example through solar photovoltaics (PVs), wind power, and fuel cell storages, the capacity of the installed DERs in micro-grids has been growing rapidly in recent years, and a high penetration level is expected in the next two to three decades. Among the numerous DER generators, the total capacity of the installed PV generator has grown exponentially, which becomes a major source employed in micro-grids to supply the electrical and thermal loads, especially in remote areas [5, 6] . In the foreseeable future, cost-reductions in the production of PV modules will lead to a high penetration of PV power in micro-grids.
However, the high penetration of PVs will bring significant challenges to the micro-grid; as most of the PV generators are connected to the micro-grid through inverters, because of the electricity generated by these sources, is not compatible with the grid [7] . In comparison to the conventional synchronous generators (SGs), the inverter-based PVs have no rotating inertia (rotor) or damping (mechanical friction and damper windings); thus, enough inertia and damping cannot be provided to the micro-grids, which makes the micro-grid systems have a low-inertia, and weakens the frequency regulation capability [8] . Additionally, the high penetration of the PV generators will further degrade the micro-grid stability, especially during the islanded mode [9, 10] . Once the microgrid has less/no support from the conventional rotating machines, the point of the common coupling (PCC) voltage will be established by the controlled voltage-source converters, which have gridforming capabilities, however, with no rotating masses [8, 11] . Additionally, for an islanded microgrid with multiple PV generators, the micro-grid may become vulnerable to external fluctuations, because of the lack of support from the main grid. What is more, the popular maximum peak power tracking (MPPT) algorithm can even worsen the imbalance between the supply and demand, when the maximum PV power is more than what is required. As inertia stands for the sensitivity of the frequency to a supply-demand mismatch, the variation of generation or load may cause a rapid change and a large deviation of the frequency because of the low inertia, possibly leading to a system instability.
It will be beneficial to the frequency stability if the inverter-based PV generators can provide a grid support function, which is traditionally performed by conventional rotating machines. One solution, called the virtual synchronous generator (VSG), has been proposed to mimic the steady state and transient characteristics of the SGs by applying a swing equation in the inverter control strategies [12] [13] [14] [15] [16] . In the energy point of view, SGs store a large amount of kinetic energy because of the intrinsic inertia provided by the large rotational masses, and the absorption or release of the kinetic energy for the power imbalance compensation causes a change in the rotor speed, which directly affects the system frequency. Clearly, for each PV generator, the implementation of this control strategy needs extra energy to synthesize the virtual rotational inertia. As the micro-grid has proven to be an effective way to make widespread DER deployment more manageable, for example through solar photovoltaics (PVs), wind power, and fuel cell storages, the capacity of the installed DERs in micro-grids has been growing rapidly in recent years, and a high penetration level is expected in the next two to three decades. Among the numerous DER generators, the total capacity of the installed PV generator has grown exponentially, which becomes a major source employed in micro-grids to supply the electrical and thermal loads, especially in remote areas [5, 6] . In the foreseeable future, cost-reductions in the production of PV modules will lead to a high penetration of PV power in micro-grids.
However, the high penetration of PVs will bring significant challenges to the micro-grid; as most of the PV generators are connected to the micro-grid through inverters, because of the electricity generated by these sources, is not compatible with the grid [7] . In comparison to the conventional synchronous generators (SGs), the inverter-based PVs have no rotating inertia (rotor) or damping (mechanical friction and damper windings); thus, enough inertia and damping cannot be provided to the micro-grids, which makes the micro-grid systems have a low-inertia, and weakens the frequency regulation capability [8] . Additionally, the high penetration of the PV generators will further degrade the micro-grid stability, especially during the islanded mode [9, 10] . Once the micro-grid has less/no support from the conventional rotating machines, the point of the common coupling (PCC) voltage will be established by the controlled voltage-source converters, which have grid-forming capabilities, however, with no rotating masses [8, 11] . Additionally, for an islanded micro-grid with multiple PV generators, the micro-grid may become vulnerable to external fluctuations, because of the lack of support from the main grid. What is more, the popular maximum peak power tracking (MPPT) algorithm can even worsen the imbalance between the supply and demand, when the maximum PV power is more than what is required. As inertia stands for the sensitivity of the frequency to a supply-demand mismatch, the variation of generation or load may cause a rapid change and a large deviation of the frequency because of the low inertia, possibly leading to a system instability.
It will be beneficial to the frequency stability if the inverter-based PV generators can provide a grid support function, which is traditionally performed by conventional rotating machines. One solution, called the virtual synchronous generator (VSG), has been proposed to mimic the steady state and transient characteristics of the SGs by applying a swing equation in the inverter control strategies [12] [13] [14] [15] [16] . In the energy point of view, SGs store a large amount of kinetic energy because of the intrinsic inertia provided by the large rotational masses, and the absorption or release of the kinetic energy for the power imbalance compensation causes a change in the rotor speed, which directly affects the system frequency. Clearly, for each PV generator, the implementation of this control strategy needs extra energy to synthesize the virtual rotational inertia. In general, the energy requirements are addressed by incorporating the energy storage [17, 18] . However, a high cost and limited lifetime makes this solution not very cost effective. An alternative way is to reserve some of the margins of active power by modifying the control algorithm of the PV system to operate below the maximum power point; thus, the available power can be released when necessary. As this will incur an opportunity cost, it has historically been of little interest for the grid-tied PV system operators. However, in scenarios with a very high penetration of renewable energy, PV systems with a dispatch ability and operating reserves are increasingly of interest [19] [20] [21] [22] [23] . A Newton quadratic interpolation-based control method is proposed in the literature [19] , in order to enable the PV system to flexibly adjust the active power output in some range, according to the dispatch commands. A cost-effective solution is proposed in the literature [20] for PV generators, which routinely employs a MPPT control to estimate the available PV power, and a constant power generation control to achieve the power reserve. In the literature [21] , a more practical control scheme for PV systems is proposed so as to maintain the operating reserves at partial shading conditions. Additionally, in some power systems, such as the California independent system operator (ISO), PV plants are already curtailed at times, and hence the PV system can be operated at a reduced level, without incurring an opportunity cost. Therefore, the PV system can provide the desired active power within the limitations of the input solar power availability, without energy storage.
The major challenges in the implementation of these methods include (1) power set-point tracking in fast dynamics and (2) monitoring the variable maximum power to keep track of the maintained reserves [24] . In the literature [25] , MPPT-like control algorithms are proposed that involve the perturbation of the operating point in discrete voltage steps, thus exhibiting a mediocre dynamic response. A voltage PI controller is employed in the literature [26] for an enhanced dynamic response; however, the power set point tracking performance is degraded. Furthermore, many methods have been developed for the PV's available power estimation [27] [28] [29] [30] , and most are realized through irradiance/temperature sensors and the PV array polynomial model; although they suffer from the deviation of the MPP under various changes in environmental conditions and a low estimation speed, this method has been widely used in reality because of its simplicity and practicality.
According to the aforementioned studies, it is well known that the solar energy released from the PV array can be arbitrary adjusted using the existing techniques, such as active power reserve and MPP estimation, and it can be significantly faster than the SG's governor and prime mover. However, compared with the natural inertia response of the SG, it is still relatively slower, even though the total reaction time can be controlled in a sub-second level. As a result, the main negative impact is that the large deviation of the frequency may have already occurred before the available active power is provided during the transients. Whether the method combines a rapid active power control and virtual inertia response mechanism should be well analyzed and established.
As similar inertia responses can be provided through the capacitors' charging and discharging behavior, the dynamics of the DC-link capacitor are used to mimic the dynamic of the SG's rotor in the literature [31] , however, the adjustable ability is limited because of the capacitor size and the voltage regulation range. The authors of [32, 33] reduce the maximum frequency excursion during a short-time fault by adjusting the PV array's output, however, the DC-link dynamics have not been addressed. A method modulating the output power of a grid-interactive PV inverter rapidly to a new power level to mitigate frequency contingency events has been proposed in the literature [34] , however, a phase-locked loop (PLL) is needed to detect the grid frequency for the implementation of the control law, while the PLL dynamic can be deteriorated when the grid is relatively weak, which may seriously degrade the controller efficiency [35] . The authors of [36] present a control strategy to improve the frequency damping by adjusting the DC-link voltage and PV array generation simultaneously, however, the inertia responses have not been fully investigated for the inverter control, thus the rate of change in frequency is almost unchanged, and the PLL is still needed in this method.
Furthermore, the operation point of the PV generator determines the PV array output power and the degree of up-and down-active power regulating that the PV system can provide; because of the intermittency and volatility of the solar power, a coordination control should be applied to manage the operation point of each PV generator well so as to meet the load supply demand. One feasible solution proposed in the literature [20, 37] is to make all of the PVs have the same utilization level, which means the same reserve ratio with respect to their maximum available power, so that the frequency can be supported by uniformly adjusting the aggregated power generation of multiple PV generators within their power limit. However, as the inertia performance does not exist, the maximum power point of each PV generator and the load conditions must be measured in advance in order to update the coordination commands in a very short time interval, which is an uneasy task in practice.
In this paper, a virtual inertia frequency control (VIFC) strategy is proposed for the two-stage PV generators in an islanded micro-grid. By considering the primary power control, DC-link dynamics, and the swing equation-based inverter control, sufficient energy from both the capacitor and the PV array can be provided rapidly for inertia synthesis, and the inertia performance can also be achieved, which helps to support the frequency during the transient. The main contributions of this paper are summarized as follows:
•
The frequency issue of an islanded micro-grid with a PV generator and droop-based grid-forming inverters is focused and analyzed, and a feasible solution based on the virtual inertia frequency control is proposed for the PV generator so as to support the system frequency during the transient, which degrades the maximum deviation of the frequency and its rate of change.
The self-synchronization can be achieved by emulating the SG's swing equation in the control of the inverter, which avoids the impact of the PLL dynamics on the controller.
Various simulations are performed with switch-level micro-grid models. The simulation results demonstrate the effectiveness of the proposed control solution.
The rest of this paper is organized as follows: Section 2 introduces the principle and implementation of the VSG control method applied in the inverter with an ideal DC source. Section 3 gives the details of the controller design, and the performance of the proposed controller when operating in parallel with the droop-based inverter is analyzed in Section 4. Section 5 presents the simulation results and Section 6 concludes this paper.
Virtual Synchronous Generation Control for Inverters with Ideal DC Sources

Principle and Implementation
The VSG control scheme investigated in this section consists of a three-phase inverter connected to a grid or a load through an LC filter and the inductive transmission line, as shown in Figure 2 . The DC source is assumed to be an ideal one, with enough capacity and a constant DC voltage, which is beneficial to achieve the inertia effect represented by the rotating mass of SG through the VSG control strategy.
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Synchronous Operation Mechanism
In the micro-grid islanded mode, droop-based inverters can act as the grid forming units to build the system frequency and voltage, thus ω o (=1 in p.u. with the base value ω B ) is given as a nominal frequency of the system. As the VSG-based inverters are designed for frequency modulation, ω o is also used in VSG controller instead of ω g or ω pcc to regulate the system frequency to the normal value under disturbances, and the power balance of the VSG swing equation will ensure the synchronization to the point of common coupling (PCC) voltage, without the need for a synchronization unit (e.g., PLL and its variants). The relationship between each voltage vector is depicted in Figure 3 .
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Design and Operation of the VIFC Strategy in Islanded Micro-Grid
Reconsidering the system topology described in Section 2, the PV array connected with the boost converter is added as the front stage of the PV system in this paper, as shown in Figure 4 . According to the structure of the control object, the proposed control strategy can be divided into the following three parts, from the front stage to the end stage of the PV system: the primary power adjustment by controlling the boost converter, the inertia emulation control of the DC-link capacitor, and the Electronics 2018, 7, 340 6 of 20 synchronous control of the inverter. The details of the proposed control strategy development are described as follows.
Reconsidering the system topology described in Section 2, the PV array connected with the boost converter is added as the front stage of the PV system in this paper, as shown in Figure 4 . According to the structure of the control object, the proposed control strategy can be divided into the following three parts, from the front stage to the end stage of the PV system: the primary power adjustment by controlling the boost converter, the inertia emulation control of the DC-link capacitor, and the synchronous control of the inverter. The details of the proposed control strategy development are described as follows. Figure 4 . System configuration and control structure of a two-stage photovoltaic (PV) system with a virtual inertia frequency control (VIFC) strategy.
Primary Power Adjustment
Here, we developed the PV-side control mechanism in order to rapidly provide sufficient primary power to the inverter-side when the frequency event occurs. For a large load connection in an islanded micro-grid, if there is no additional energy supplement, the voltage of the capacitor will continue to drop and may cause system instability. Although the operation point of the generators can be adjusted by the superior coordination control, it will take at least seconds, and the transient performance cannot be improved.
Thus, the feedbacks of the virtual frequency differential item ( r ω  ) is introduced to change the operation point of the PV generator, as follows:
where _ 0 set p presents the initial set-point, set p is the applied reference value of the PV output power. e T and e D are defined as the power control coefficients, which are the positive constants.
The initial power set-point _ 0 set p can be calculated based on the aggregated power of the PV system and the total load demand in a centralized or distributed manner, for example, through an energy management controller or consensus algorithms [38, 39] . Based on the overall available generation,
and the load demand
of the islanded micro-grid, the utilization level, β , can be calculated as
For each PV generator, the initial power set-point can be generated as
, where mpp p is the estimated maximum power (MPP) of the individual PV generator. In order to estimate the MPP while operating at a reduced power level, the concept of curve fitting, presented in the literature [24] , is adopted here, where the fundamental equation of the single-diode PV model is fitted to a set of past measurements, such as the voltage and the power of the PV system around the current operating point. The model parameters are thus estimated and the MPP is determined. Thereafter, set p can be acquired according to Equation (2) . In order to facilitate understanding, an indicative power-voltage (P-V) curve of a PV array is shown in Figure 5 (black continuous line), along with the desired power reference level, set p (blue dotted line). It can be seen that two possible operating points lie at either side of the MPP, operating point A (purple square Figure 4 . System configuration and control structure of a two-stage photovoltaic (PV) system with a virtual inertia frequency control (VIFC) strategy.
Thus, the feedbacks of the virtual frequency differential item ( . ω r ) is introduced to change the operation point of the PV generator, as follows:
where p set_0 presents the initial set-point, p set is the applied reference value of the PV output power. T e and D e are defined as the power control coefficients, which are the positive constants. The initial power set-point p set_0 can be calculated based on the aggregated power of the PV system and the total load demand in a centralized or distributed manner, for example, through an energy management controller or consensus algorithms [38, 39] . Based on the overall available generation, p G_total and the load demand p L_total of the islanded micro-grid, the utilization level, β, can be calculated as β = p L_total /p G_total . For each PV generator, the initial power set-point can be generated as p set_0 = β · p mpp , where p mpp is the estimated maximum power (MPP) of the individual PV generator. In order to estimate the MPP while operating at a reduced power level, the concept of curve fitting, presented in the literature [24] , is adopted here, where the fundamental equation of the single-diode PV model is fitted to a set of past measurements, such as the voltage and the power of the PV system around the current operating point. The model parameters are thus estimated and the MPP is determined. Thereafter, p set can be acquired according to Equation (2) . In order to facilitate understanding, an indicative power-voltage (P-V) curve of a PV array is shown in Figure 5 (black continuous line), along with the desired power reference level, p set (blue dotted line). It can be seen that two possible operating points lie at either side of the MPP, operating point A (purple square marker) and operating point B (blue circle marker). However, when the PV generator runs at point A, the relationship between the power and voltage in the left-hand side is the positive feedback, which causes instable operation. On the contrary, the latter can provide an increased robustness under a fast power point variation, which is chosen as the desired operating point. Depending on the modified MPPT algorithm [40] , the PV output power can be regulated under a certain power reserve. In the steady state, the supply-demand balance is maintained, so the PV output power is equal to the initial power reference value, shown as
When the frequency event occurs (e.g., a load step change or distributed generators (DGs) outage), the task of the differential item, a r T ω  here is to let set p change rapidly according to the frequency dynamic, which can be represented by the virtual rotor angular frequency, r ω , so that PV system can be controlled to release sufficient energy for supporting the frequency, until a new supply-demand balance is achieved. However, for the case of the micro-grid generation shortage, all of the PV generators should be operated in the MPPT mode, and the utilization level will be maintained at 1.
Inertia Emulation of the Capacitor
As mentioned above, the energy transfer media are different between the inverters and the rotational synchronous generators from the energy transfer standpoint (i.e., conventional generators convert the mechanical power of prime movers to the electromagnetic power through its rotor's rotational kinetic energy). Additionally, the energy medium of inverter-based generation systems is the static capacitor, which achieves the power balancing between prime movers (wind, solar, etc.) and grid tied inverters by charging and discharging. In this sense, the inverters and rotational synchronous generators, which are distinguished mainly through their mechanical behaviors (i.e., static or rotational), play an equal role in their respective system, and the behaviors of their energy transfer media can be described by the same fist-order kinetic equation [41] . Thus, the dynamic behavior of the DC-link capacitor can be regarded as the intrinsic inertia of the inverters, which is similar to the intrinsic inertia that comes from the rotational rotor of the synchronous generators. However, the primary power adjustment is used to increase the inertia of the grid-tied inverter based on the proposed control strategy, which belongs to virtual inertia instead of intrinsic inertia. For the investigated PV system, although the total reaction time of the primary energy control (in milliseconds level) can be much faster than the traditional SG (in minutes level), it is still slower than the natural inertia response. When the power unbalance occurs, however, with no or sufficient capacitor as an energy buffer, the frequency may drop immediately so as to exceed the limit before the primary energy adjustment action. On the other hand, it is not enough to rely solely on the energy stored in the capacitor for the inertia response, the extra energy from the PV side can be used as a supplement to emulate the inertia during the process of frequency regulation.
According to the above analysis, for assigning the specific inertia response to the PV system by the capacitor, the variable DC reference should be defined for the proper control of the DC voltage. In the steady state, the supply-demand balance is maintained, so the PV output power is equal to the initial power reference value, shown as p in_pv = p set_0 . When the frequency event occurs (e.g., a load step change or distributed generators (DGs) outage), the task of the differential item, T a . ω r here is to let p set change rapidly according to the frequency dynamic, which can be represented by the virtual rotor angular frequency, ω r , so that PV system can be controlled to release sufficient energy for supporting the frequency, until a new supply-demand balance is achieved. However, for the case of the micro-grid generation shortage, all of the PV generators should be operated in the MPPT mode, and the utilization level will be maintained at 1.
According to the above analysis, for assigning the specific inertia response to the PV system by the capacitor, the variable DC reference should be defined for the proper control of the DC voltage. We assume that the similar inertia response of the SG with a specific mechanical time constant, T c can be emulated by the capacitor yields, as follows: where p out_pv can be regarded as the active power delivered from the DC-side to the AC-side. T c represents the SG mechanical time constant corresponding to the capacitor inertia response, V dc and C dc refers to the DC-link voltage and capacitor, respectively. S B is the base value of the power capability. By integrating both sides of Equation (3) and the linearization for reducing the computational complexity, we have the following
where V dc_re f is the dc-link voltage reference, V dc_0 is the nominal DC-link voltage, and ω o is the nominal frequency, all of which are the specified values of the integration constant. Let k r = T c S B /C dc V dc_0 , then the DC-link voltage reference can be acquired as follows:
Thereafter, the DC-link voltage tracking control can be achieved in the current control loop using the proportional-integral (PI) controller, as follows:
As a typical inverter modeling process, the d-axis is aligned with the grid voltage vector, according to the vector diagram depicted in Figure 3 , and we then have the following:
The inner current control loop is designed much faster than the outer virtual inertia control loop, thus, ignoring the transient process of the current tracking yields, we have the following:
where k p and k i are the proportional and integral gains of the DC voltage control loop, respectively. Combining Equations (7) and (8), we have the following:
Let K i = E/x L , by linearizing the Equation (9) yields, as follows:
As s∆δ can be replaced by ∆ω r , then the relationship between the DC voltage deviation and frequency deviation can be obtained as follows: Figure 6 shows the variation of ∆V dc for different k i and k r under certain ∆ω r (=0.02 p.u.) and K i (=240). It can be seen that a smaller k i or larger k r will increase the maximum deviation of the DC-link voltage under a certain frequency deviation, as k r is proportional to the inertia constant T c and inversely proportional to C dc , which indicates that the maximum inertia time constant that the capacitor can provide is dependent on the degree of permissible DC voltage variations and the value of the capacitor.
the DC-link voltage under a certain frequency deviation, as r k is proportional to the inertia constant c T and inversely proportional to dc C , which indicates that the maximum inertia time constant that the capacitor can provide is dependent on the degree of permissible DC voltage variations and the value of the capacitor. 
Virtual Inertia-Based Synchronized Control of Inverter
In order to emulate the synchronization mechanism of SG, the virtual rotor angular frequency, r ω , can be obtained as follows:
where f τ represents the time constant of the frequency regulation loop, p n is the equivalent active power droop gain, and inv p is the output active power of the inverter.
For this control part of the proposed control method, the virtual frequency, r ω , is produced from Equation (12) 
Furthermore, by combining Equation (13) with Equations (2) and (3), we have the following:
where
From Equation (15), the total inertia time constant, H T , and the damping factor H D , are developed in order to emulate the inertia and to provide the damping using the reserved energy from the PV generation and the dynamics of the DC-link voltage. As the DC and AC power are decoupled in the two-stage configuration of the PV system, the values of e T and c T can separately affect the inertia emulation of the PV generation control and the DC-link voltage control. Furthermore, the selection of c T depends on the value of r k , in Equation (5), which is related to the DC-link voltage regulation. The implementation of the inverter control can be achieved using the inner current control 
In order to emulate the synchronization mechanism of SG, the virtual rotor angular frequency, ω r , can be obtained as follows:
where τ f represents the time constant of the frequency regulation loop, n p is the equivalent active power droop gain, and p inv is the output active power of the inverter. For this control part of the proposed control method, the virtual frequency, ω r , is produced from Equation (12) instead of ω g produced by PLL, and the local measurements can be used for the Park transformation (synchronization control), primary power adjustment, and DC-link voltage reference generation. Furthermore, by putting the power items on the left side of Equation (12), and replacing τ f and n p with T a /D a and 1/ω o D a , respectively, we have the following yield:
From Equation (15), the total inertia time constant, T H , and the damping factor D H , are developed in order to emulate the inertia and to provide the damping using the reserved energy from the PV generation and the dynamics of the DC-link voltage. As the DC and AC power are decoupled in the two-stage configuration of the PV system, the values of T e and T c can separately affect the inertia emulation of the PV generation control and the DC-link voltage control. Furthermore, the selection of T c depends on the value of k r , in Equation (5), which is related to the DC-link voltage regulation. The implementation of the inverter control can be achieved using the inner current control loop [42] so as to generate the modulation wave, as shown in Figure 7 . The performance of the controller and the effect of the parameters will be analyzed in the next section. loop [42] so as to generate the modulation wave, as shown in Figure 7 . The performance of the controller and the effect of the parameters will be analyzed in the next section. 
Parallel Operation with Droop Based Grid-Forming Inverters
In this section, an investigation into how the VIFC strategy affects the dynamic response of the PCC voltage frequency during the load changes is shown.
We consider a micro-grid operated in an islanded mode, with droop-based inverters acting as the grid-forming units to keep the PCC voltage stable, and the whole active power consumed by the load is shared by the parallel connected PV inverters and the droop-based inverters, from the law of conservation of energy, as follows: 
For the PV systems, the cable between the units and the load is considered inductive, and by calculating the power flow, Equation (18) 
The small signal model of Equation (14) can be written as follows: Figure 7 . Implementation of the proposed VIFC strategy.
We consider a micro-grid operated in an islanded mode, with droop-based inverters acting as the grid-forming units to keep the PCC voltage stable, and the whole active power consumed by the load is shared by the parallel connected PV inverters and the droop-based inverters, from the law of conservation of energy, as follows:
where ∆p droop represents the output power of the droop-based inverters, and p load is the active power consumed by load. The PCC frequency is managed by the paralleled inverters and is represented as ω pcc . Let ∆p inv /∆ω pcc = A, ∆p droop /∆ω pcc = B, we have
For the PV systems, the cable between the units and the load is considered inductive, and by calculating the power flow, Equation (18) can be deduced as follows:
Knowing that ∆δ r = ∆ω r − ∆ω pcc /s, let K m = EU pcc cos δ r /x L , so that Equation (18) becomes the following:
The small signal model of Equation (14) can be written as follows:
Replacing ∆ω r with ∆ω pcc in Equation (20) , according to Equation (19) , A can be obtained as follows:
Similarly, according to droop control strategy, B can be obtained as follows:
where k d is the droop coefficient. Based on Equations (17), (21), and (22), it is possible to calculate the step responses of the PCC frequency change during a small loading transition relevant to the VIFC strategy. The corresponding parameters in this case are listed in Table 1 , and the results are shown in Figure 8 . (20), according to Equation (19) , A can be obtained as follows:
where d k is the droop coefficient.
Based on Equations (17), (21), and (22), it is possible to calculate the step responses of the PCC frequency change during a small loading transition relevant to the VIFC strategy. The corresponding parameters in this case are listed in Table 1 , and the results are shown in Figure 8 .
Step response of point of common coupling (PCC) frequency during a loading transition in parallel operation mode with various parameters.
As it is demonstrated in Figure 8 , the VIFC-based control can contribute more inertia to the system and can regulate the frequency of the micro-grid with the inertia performance. Moreover, a larger value of H T can increase the inertia of the system, and a larger D reduces the maximum frequency deviation. The results demonstrate that the inertia response can be provided flexibly by changing the corresponding parameters. As it is demonstrated in Figure 8 , the VIFC-based control can contribute more inertia to the system and can regulate the frequency of the micro-grid with the inertia performance. Moreover, a larger value of T H can increase the inertia of the system, and a larger D reduces the maximum frequency deviation. The results demonstrate that the inertia response can be provided flexibly by changing the corresponding parameters. Table 1 . Parameters of virtual inertia frequency control (VIFC)-based photovoltaic (PV) system.
Parameter
Values Parameter Values
Simulation Studies
During the simulation studies, the proposed control method was tested in an islanded micro-grid with a PV generator and a grid-forming inverter controlled by droop connected in parallel, as shown in Figure 9 . The test is divided into two cases, under different operating conditions. In the first case, the contribution to the inertia emulation from the DC-link voltage control and the reserved primary power adjustment were tested, respectively. Furthermore, the PV generator that operated in a MPPT mode under the same operating condition was also tested as a contrast. In the second case, the proposed VIFC method was integrated with the distributed coordination algorithm, and was tested with the variable solar energy in the PV-side. For both cases, the systems' responses (i.e., PCC frequency, DC-link voltage, and PV output power) to the load step change were fully investigated in order to validate the effectiveness of the proposed control method.
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The common process of the simulation studies can be described as follows: The load demand is 20 kW at the beginning. For the PV generator controlled by the proposed control strategy, the initial operation point is set to be 20 kW, so that the generation set-point of the droop-based inverter is set to be 0, as the PV generation is sufficient. A 5 kW load (25% of the total pre-disturbance load) increase occurs at 10 t = s, and the corresponding parameters are listed in Table 1 .
Inertia Emulation Capability Tests
In this case, the maximum power of the PV generator was assumed to be unchanged for a period of time, which was estimated as 30 kW for the proposed control strategy, and the nominal power setpoint was 20 kW, with a reserved 10 kW active power for frequency regulation. In contrast, the PV generator operated in the MPPT mode with 20 kW maximum available power, which was assumed to be a constant, so that there was no extra energy for frequency regulation.
The results of the traditional PV control method are shown in Figure 10 . Before 10 s, the islanded micro-grid was operated in a supply-demand balance mode, the PV generator presented the available maximum power, which was equal to the load demand, and the frequency was stable at 50 Hz. After 10 s, with the increase of the load, the frequency began to decrease immediately, because of the lack of inertia. As the PV system reached its upper limit of the output power, there was no reserved power that could be provided. Without the support from the PV generator, the frequency stabilized by the grid-forming inverter had a large deviation from the normal value, which was approximately 49.6 Hz. The DC-link voltage and the output power of the PV generators remained unchanged during the disturbance, as shown in Figure 10b ,c. As the DC-link voltage kept constant, there was no inertia provided by the capacitors when the power unbalance occurred; if the frequency dropped immediately within 2 ms, as shown in Figure 10a , usually the active power control could not be activated in this short time, and the consequence was consistent with the previous theoretical analysis. The common process of the simulation studies can be described as follows: The load demand is 20 kW at the beginning. For the PV generator controlled by the proposed control strategy, the initial operation point is set to be 20 kW, so that the generation set-point of the droop-based inverter is set to be 0, as the PV generation is sufficient. A 5 kW load (25% of the total pre-disturbance load) increase occurs at t = 10 s, and the corresponding parameters are listed in Table 1 .
In this case, the maximum power of the PV generator was assumed to be unchanged for a period of time, which was estimated as 30 kW for the proposed control strategy, and the nominal power set-point was 20 kW, with a reserved 10 kW active power for frequency regulation. In contrast, the PV generator operated in the MPPT mode with 20 kW maximum available power, which was assumed to be a constant, so that there was no extra energy for frequency regulation.
The results of the traditional PV control method are shown in Figure 10 . Before 10 s, the islanded micro-grid was operated in a supply-demand balance mode, the PV generator presented the available maximum power, which was equal to the load demand, and the frequency was stable at 50 Hz. After 10 s, with the increase of the load, the frequency began to decrease immediately, because of the lack of inertia. As the PV system reached its upper limit of the output power, there was no reserved power that could be provided. Without the support from the PV generator, the frequency stabilized by the grid-forming inverter had a large deviation from the normal value, which was approximately 49.6 Hz. The DC-link voltage and the output power of the PV generators remained unchanged during the disturbance, as shown in Figure 10b For the proposed control method, the frequency responses are shown in Figures 11 and 12 , and the inertia performance can be obtained during the transient. For further investigating, the contribution to the inertia emulation from the DC-link voltage control and the primary power adjustment, different values of r k and e T are implemented to the controller in this tests.
The contribution of the DC-link voltage control is firstly tested. According to Equations (4) and (5), the inertia emulated from the capacitor can be provided by controlling the DC-link voltage, as the size of the capacitor and the nominal DC voltage value are determined, the inertia response from the capacitor is mainly related to the value of r k in Equation (5) . The results of the systems' response to the load step change with different values of r k are shown in Figure 11 , and the other parameters are the same as those listed in Table 1 . For the proposed control method, the frequency responses are shown in Figures 11 and 12 , and the inertia performance can be obtained during the transient. For further investigating, the contribution to the inertia emulation from the DC-link voltage control and the primary power adjustment, different values of k r and T e are implemented to the controller in this tests.
The contribution of the DC-link voltage control is firstly tested. According to Equations (4) and (5), the inertia emulated from the capacitor can be provided by controlling the DC-link voltage, as the size of the capacitor and the nominal DC voltage value are determined, the inertia response from the capacitor is mainly related to the value of k r in Equation (5) . The results of the systems' response to the load step change with different values of k r are shown in Figure 11 , and the other parameters are the same as those listed in Table 1 . The overlap curves illustrate that the inertial contributions from the PV-side generation adjustment are almost the same in this case, so the difference of the inertia response mainly depends on the control of the DC-link voltage. Figure 11b shows the PCC frequency responses, demonstrating that the performance of the inertia can be enhanced if the value of r k increases from 1000 to 20,000, however, the effects are not so evident. The corresponding responses of the DC-link voltage are shown in Figure 11c , and it can be seen that the value of r k plays an important role in determining the deviation of the DC-link voltage during and after the transient. Comparing Figure 11b with Figure  11c , we can see that a large DC-link voltage deviation is only capable of emulating a small inertia. It is worthy to note that for an individual two-stage PV system with an 800 V DC-link voltage as the nominal value, the lower bound of the DC-link voltage is normally 600 V in order for the sinusoidal pulse width modulation (SPWM) to be able to produce the appropriate voltage for a 220 V (rms) low-voltage micro-grid, and the upper limit is restricted by the capacitors, which is approximately The overlap curves illustrate that the inertial contributions from the PV-side generation adjustment are almost the same in this case, so the difference of the inertia response mainly depends on the control of the DC-link voltage. Figure 11b shows the PCC frequency responses, demonstrating that the performance of the inertia can be enhanced if the value of k r increases from 1000 to 20,000, however, the effects are not so evident. The corresponding responses of the DC-link voltage are shown in Figure 11c , and it can be seen that the value of k r plays an important role in determining the deviation of the DC-link voltage during and after the transient. Comparing Figure 11b with Figure 11c , we can see that a large DC-link voltage deviation is only capable of emulating a small inertia. It is worthy to note that for an individual two-stage PV system with an 800 V DC-link voltage as the nominal value, the lower bound of the DC-link voltage is normally 600 V in order for the sinusoidal pulse width modulation (SPWM) to be able to produce the appropriate voltage for a 220 V (rms) low-voltage micro-grid, and the upper limit is restricted by the capacitors, which is approximately 1000 V. As a result, in the case of a limited rated capacity of the capacitor and a narrow DC-link voltage range, the contribution of the capacitor to the inertia emulation is very limited, which is consistent with the previous analysis. Furthermore, different power control coefficients ( e T ) are applied in the primary power control to investigate the contribution of the PV generation adjustment to the inertia emulation. From Figure  12a ,b, we can see that with the increase of e T , the active power released from the PV-side can be improved for more inertia emulation during the transient. Meanwhile, the maximum deviation of the DC-link voltage can be reduced because of the rapid active power injection, as shown in Figure 12c . It can be concluded that (1) compared with the system responses under the traditional control method, the frequency drop of the PCC under the VIFC strategy is much slower, and the maximum frequency deviation is less than 49.9 Hz, which illustrates that the VIFC-based PV system is able to increase the system inertia and support the frequency for the islanded micro-grid; (2) for an individual PV generator with a relatively low DC-link voltage (800 V), the energy for the inertia Furthermore, different power control coefficients (T e ) are applied in the primary power control to investigate the contribution of the PV generation adjustment to the inertia emulation. From Figure 12a ,b, we can see that with the increase of T e , the active power released from the PV-side can be improved for more inertia emulation during the transient. Meanwhile, the maximum deviation of the DC-link voltage can be reduced because of the rapid active power injection, as shown in Figure 12c .
It can be concluded that (1) compared with the system responses under the traditional control method, the frequency drop of the PCC under the VIFC strategy is much slower, and the maximum frequency deviation is less than 49.9 Hz, which illustrates that the VIFC-based PV system is able to increase the system inertia and support the frequency for the islanded micro-grid; (2) for an individual PV generator with a relatively low DC-link voltage (800 V), the energy for the inertia emulation mainly comes from the reserved active power. By contrast, the contribution of the capacitor is quite small and comes with the expense of voltage deviation. Thus, a certain amount of primary power reservation and rapid active power control is more necessary for the PV generators to support the system frequency.
Variable Solar with Load Step Change
In this case, the variable solar energy is considered, a coordination control algorithm depicted in the literature [43] is applied for calculating the PV nominal power set-point, and the time step for the utilization level update is selected to be 2 s for a good balance between the control performance and the technical feasibility. The utilization level profiles of the PV generator with respect to the maximum available solar power and the total load demand are shown in Figure 13 . emulation mainly comes from the reserved active power. By contrast, the contribution of the capacitor is quite small and comes with the expense of voltage deviation. Thus, a certain amount of primary power reservation and rapid active power control is more necessary for the PV generators to support the system frequency.
In this case, the variable solar energy is considered, a coordination control algorithm depicted in the literature [43] is applied for calculating the PV nominal power set-point, and the time step for the utilization level update is selected to be 2 s for a good balance between the control performance and the technical feasibility. The utilization level profiles of the PV generator with respect to the maximum available solar power and the total load demand are shown in Figure 13 . It can be seen that before 10s t = , the load demand is maintained at 20 kW; as the estimated maximum point of the PV generator increases, the corresponding utilization level is gradually reduced in each update, thus the operation point of the PV system can be controlled as 20 kW. Thereafter, the load step change occurs at 10s t = , as the coordination control starts to work in the next update interval about 2 s later, the frequency will be supported by the proposed control strategy from 10 s to 12 s. After 12 s, the utilization level is significantly increased for the supply-demand balance, thus the frequency can be restored to the normal value. Figure 14 shows the responses of the PCC frequency, the PV output power, and the DC-link voltage with respect to the load step change. During the period of 10 to 12 s, similar inertia phenomena can be observed, as is shown in the first case. After the utilization level is updated, the operation point of the PV generator is adjusted and the frequency is gradually restored to the normal value, as shown in Figure 14a , and it can be observed that because of the emulated inertia, the restoration process is also relatively slow. Figure 14b shows the output power of the PV generator, which demonstrates that the operation point of the PV system can be changed automatically according to the virtual frequency variation during the transient. Thus, sufficient energy can be provided from the PV array for the inertia emulation. When the utilization level is updated, the PV generation is controlled so as to be adjusted immediately at 12 t = s, then the capacitor will be charged because of the inertia, and the voltage is increased, as shown in Figure 14c , demonstrating that the similar inertia response is shown in the process of frequency restoration. It can be seen that before t = 10 s, the load demand is maintained at 20 kW; as the estimated maximum point of the PV generator increases, the corresponding utilization level is gradually reduced in each update, thus the operation point of the PV system can be controlled as 20 kW. Thereafter, the load step change occurs at t = 10 s, as the coordination control starts to work in the next update interval about 2 s later, the frequency will be supported by the proposed control strategy from 10 s to 12 s. After 12 s, the utilization level is significantly increased for the supply-demand balance, thus the frequency can be restored to the normal value. Figure 14 shows the responses of the PCC frequency, the PV output power, and the DC-link voltage with respect to the load step change. During the period of 10 to 12 s, similar inertia phenomena can be observed, as is shown in the first case. After the utilization level is updated, the operation point of the PV generator is adjusted and the frequency is gradually restored to the normal value, as shown in Figure 14a , and it can be observed that because of the emulated inertia, the restoration process is also relatively slow. Figure 14b shows the output power of the PV generator, which demonstrates that the operation point of the PV system can be changed automatically according to the virtual frequency variation during the transient. Thus, sufficient energy can be provided from the PV array for the inertia emulation. When the utilization level is updated, the PV generation is controlled so as to be adjusted immediately at t = 12 s, then the capacitor will be charged because of the inertia, and the voltage is increased, as shown in Figure 14c , demonstrating that the similar inertia response is shown in the process of frequency restoration. 
Conclusions
This paper presents a virtual inertia-based control strategy for two-stage photovoltaic inverter systems in an islanded micro-grid. According to the different control objects of the PV system, the proposed control strategy can be divided into the primary power adjustment, the DC-link voltage control, and the inverter synchronous control. With this method, the inertia response can be provided by the PV generators based on a simplified SG model, and the virtual rotor angular frequency is produced for rapid PV generation adjustment and DC-link voltage reference generation, thus the reserved energy of the PV array and the dynamics of the DC-link voltage can be used to provide sufficient energy for the inertia emulation. Meanwhile, the self-synchronization can be achieved based on the local measurements, so that PLL can be eliminated. When operating in parallel with the droop-based grid-forming inverters, the transient performance of the system frequency can be improved and the demanding requirement for the updating rate of the coordination control can be relaxed, which is suitable for the autonomous micro-grid operation with a high penetration of renewable energies and without the support of SGs. The simulation results validate the effectiveness 
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